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Abstract:  
BACKGROUND: In conventional in vitro encapsulation of molecular cargo, the multi-subunit 
ferritin protein cages are disassembled in extremely acidic pH and re-assembled in the presence 
of highly concentrated cargo materials, which results in poor yields due to the low-pH treatment. 
In contrast, Archaeoglobus fulgidus open-pore ferritin (AfFtn) and its closed-pore mutant 
(AfFtn-AA) are present as dimeric species in neutral buffers that self-assemble into cage-like 
structure upon addition of metal ions.  
 
METHODS: To understand the iron-mediated self-assembly and ascorbate-mediated 
disassembly properties, we studied the iron binding and release profile of the AfFtn and AfFtn-
AA, and the corresponding oligomerization of their subunits. 
 
RESULTS: Fe
2+
 binding and conversion to Fe
3+
 triggered the self-assembly of cage-like 
structures from dimeric species of AfFtn and AfFtn-AA subunits, while disassembly was 
induced by dissolving the iron core with reducing agents. The closed-pore AfFtn-AA has 
identical iron binding kinetics but lower iron release rates when compared to AfFtn. While the 
iron binding rate is proportional to Fe
2+
 concentration, the iron release rate can be controlled by 
varying ascorbate concentrations.  
 
CONCLUSION: The AfFtn and AfFtn-AA cages formed by iron mineralization could be 
disassembled by dissolving the iron core. The open-pores of AfFtn contribute to enhanced 
reductive iron release while the small channels located at the 3-fold symmetry axis (3-fold 
channels) are used for iron uptake. 
 
GENERAL SIGNIFICANCE: The iron-mediated self-assembly/disassembly property of AfFtn 
offers a new set of molecular trigger for formation and dissociation of the protein cage, which 
can potentially regulate uptake and release of molecular cargo from protein cages. 
 
Keywords: Protein cage, Self-assembly, Dissociation, Molecular release, Binding kinetics, 
Release kinetics 
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INTRODUCTION 
Self-assembling protein cages have potential applications as molecular carriers and as templates 
for nanoparticle synthesis (1-10). Protein cages are formed by the self-assembly of multiple 
protein subunits into cage-like structures. Ferritins are multi-subunit protein molecules composed 
of 24 polypeptides that self-assemble into a hollow, roughly spherical protein cage having 
external and internal diameters of approximately 12 nm and 8 nm, respectively. Conversion of 
Fe
2+ 
to Fe
3+
 is catalyzed by a ferroxidase center located within the hydrophilic interior of each 
subunit and iron core is formed by accumulation of Fe
3+
 at a nucleation site located within the 
cage. In vivo, the iron is stored as phosphate-conjugated ferrihydrite molecule while the exact 
chemical composition of the in vitro synthesized ferric core vary widely depending on the nature 
of ferritin molecule, proportion of iron loading, physical and chemical conditions of 
mineralization (11-15). In general, 3-fold and 4-fold channels (0.3-0.5 nm diameter) that connect 
the inner cavity to the ferritin surface are proposed as the route for inward and outward 
movement of iron, protons, and other molecules in vivo (16, 17). In vitro loading of larger 
molecules through these narrow channels has not been reported. To encapsulate large molecules, 
horse spleen ferritin has been disassembled into subunits at pH 2 and reassembled by increasing 
the pH in the presence of highly concentrated cargo materials (18, 19). However, this technique 
typically results in poor yields due to the irreversible changes of protein structure that occur at 
low pH. The oligomeric conformation of Archaeoglobus fulgidus ferritin (AfFtn) and its double 
mutant K150A, R151A (AfFtn-AA) can be manipulated through variation of ionic strength or by 
addition of specific metal ions (20-24). Previously we established the unique open cage structure 
of the wild-type AfFtn by X-ray crystallography and subsequently solved the crystal structure of 
the AfFtn-AA in a cannonical closed cage ferritin assembly (20, 22). Additional experiments 
demonstrated salt-mediated and metal-mediated self-assembly of the AfFtn and AfFtn-AA 
molecules under mild conditions, which are potentially advantageous for packaging molecular 
cargo within the protein cages. In low ionic strength buffers these ferritins are comprised of 
dimeric species that self-assemble into 24-meric cage-like structures as the buffer’s ionic 
strength is increased. Self-assembly of dimeric AfFtn and AfFtn-AA into 24-mers could also be 
controlled by addition of ferrous iron and concomitant formation of iron core. Importantly, once 
formed, these metal-induced cage structures remain intact in low ionic strength solutions which 
lack ferrous iron. During the metal-induced self-assembly, the AfFtn cage and other ferritins can 
be potentially loaded with small molecules, nanoparticles or other molecular cargos while 
avoiding any loss of the protein structure associated with harsh pH treatment required for loading 
other ferritin cages (19, 25). During the iron-mediated self-assembly, it was possible to 
encapsulate about 400 cisplatin molecule in each AfFtn-AA cage (unpublished data). The 
encapsulated cargos can be potentially released in a reverse pathway by dissolving the Fe
3+
 cores 
using reducing agents (e.g. ascorbate). Thus, iron-mediated self-assembly/disassembly of AfFtn 
cage and hence, potential loading/release of molecular cargo can be elucidated by studying iron 
oxidation/reduction kinetics of AfFtn (Scheme 1). 
Understanding the kinetics and mechanisms of self-assembly/disassembly of protein 
nanocages is a crucial, but underemphasized and poorly understood area in the development of 
protein-based drug delivery systems. Some physical and chemical triggers have been 
successfully used to initiate cargo release from the carrier proteins (26). Biological modulation of 
protein cages may also facilitate in tuning the release of molecular cargos (27, 28). Several 
reports described drug encapsulation and release in ferritin cages by pH variations (5, 18, 19, 26, 
29). The iron-mediated self-assembly/disassembly property of AfFtn offers a new set of 
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molecular trigger for formation and dissociation of the protein cage. Study of iron binding 
kinetics will help to understand iron-mediated self-assembly and simultaneous molecular loading 
within the ferritin cages while the kinetics of ascorbate-mediated iron release reflect the 
dissociation and release of cargo from the protein cage.  
The crystal structure of the wild-type AfFtn (PDB ID 1SQ3; Figure 1A) shows an atypical 
open-pore structural conformation (20). All other ferritins of known structure form virtually 
closed cage-like structures with octahedral symmetry. In contrast, the AfFtn subunits self-
assemble with tetrahedral symmetry and form a protein cage with four distinct large triangular 
pores (~45Å) that expose the internal cavity of AfFtn to the outer environment. These open-
pores are unique to the A. fulgidus ferritin and may offer another potential route for 
encapsulation of molecular cargos within the AfFtn cages. Potential molecular transport through 
the pores can be assessed through the variation of physicochemical properties of the protein i.e. 
by collapsing the large pores. To achieve this, we engineered a closed-pore variant of AfFtn by 
replacing two positively charged amino acids (K150 and R151) with alanine residues (AfFtn-
AA). Subsequent crystallography studies confirmed a massive rearrangement of ferritin subunits; 
the crystal structure of AfFtn-AA showed a canonical closed protein cage with octahedral 
symmetry (PDB ID 3KX9; Figure 1B) (22). The understanding of iron binding and release 
kinetics in AfFtn and AfFtn-AA will also help to shed light on the route of molecular transport 
providing a foundation on which further design and engineering can be used to optimize the 
molecular release from the intact protein cage. We hypothesize that the iron entry/release profiles 
of AfFtn-AA will differ from that of the AfFtn if the four large pores are involved in the 
transport of reactants or products. Preliminary studies showed slower iron release from the 
closed AfFtn-AA relative to the open AfFtn (22). Here we describe the unique iron-mediated 
self-assembly/disassembly of AfFtn and AfFtn-AA, and comprehensive iron oxidation/reduction 
kinetics of these proteins. This report also presents the effects of the K150A/R151A mutations 
on the iron-mediated self-assembly property of AfFtn and the effect of eliminating the large 
pores on iron entry and release kinetics.  
 
EXPERIMENTAL  
All experiments in the following sections including the formation and solubilisation of iron core 
and, iron binding and release kinetics were performed in aerobic conditions. The results are 
confirmed by repeating all the experiments at least three times and wherever applicable, the 
average of three results are reported in the ‘Results and Discussion’ section. 
 
Production and purification of AfFtn and AfFtn-AA  
The mutation was done by PCR based site-directed mutagenesis using a set of complimentary 
primers containing the altered sequences. K150A/R151A substitution was confirmed by 
sequencing of the mutated gene cloned in pET-11a vector. For the production of AfFtn or AfFtn-
AA proteins, E. coli BL21-CodonPlus
®
 (DE3)-RIL competent cells were transformed with 
construct containing the respective genes. The transformed cells were grown in LB broth media 
(containing ampicillin and chloramphenicol at 0.1 g/l and 0.05 g/l, respectively) and the 
overexpression was induced using 1 mM IPTG. Cells were harvested 4 hours post induction and 
resuspended in 25 mM HEPES buffer, pH 7.5, containing 50 mM NaCl. The cells were disrupted 
at 15,000 psi pressure using a French press cell disruptor (Thermo Electron Corporation) and the 
insoluble fraction was removed by ultracentrifugation at 150,000 × g at 4°C for 1 hour. AfFtn 
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and AfFtn-AA were purified by heat treatment at 85°C for 10 minutes and the denatured E. coli 
proteins were removed by centrifugation at 150,000 × g at 4°C for 1 hour. The proteins were 
further purified with ÄKTA-Explorer FPLC system (GE Healthcare) by hydrophobic interaction 
chromatography using HiPrep 16/10 Phenyl FF (high sub) column. Binding buffer was 
composed of 25 mM HEPES with 50 mM NaCl and 500 mM ammonium sulfate, pH 7.5, and the 
same buffer without ammonium sulfate was used for elution of the bound proteins. Purified 
proteins were concentrated and buffer-exchanged to obtain the final protein preparation of 1 
mg/ml protein in 25 mM HEPES, 50 mM NaCl, pH 7.5.  Protein concentration was measured by 
bicinchoninic acid method following the manufacturer’s protocol and using bovine serum 
albumin as standard (BCA protein assay kit, Thermo Scientific). Protein yield was ~20 mg/l 
culture.  
 
Mineralization and solubilisation of the iron core  
FeSO4 solution of 100 mM was prepared in 0.1% HCl and added to 0.1 mg/ml AfFtn-AA 
solution (in 100 mM HEPES buffer, pH 7.5 with 50 mM NaCl) The mineralization was 
completed by repeated addition of equal aliquots at a molar ratio of 480 Fe per 24-meric ferritin 
cage at 10 minutes interval.to reach the desired iron loading. The stepwise addition was 
important to avoid high local concentrations that led to precipitation. The solution was mixed 
immediately after each addition. The mixture was incubated for one hour at room temperature 
and followed by overnight incubation at 4°C. Any suspended particles were removed by 
centrifuging the mixture at 25,000 × g for 15 minutes and the supernatant was concentrated by 
membrane filtration using Centricon® (100 kDa MWCO) centrifugal device (Millipore). Any 
unbound metal was removed by desalting through PD-10 column (GE Healthcare). Hereafter the 
mineralized AfFtn and AfFtn-AA would be referred as (Fe)AfFtn and (Fe)AfFtn-AA, 
respectively. 
To dissolve the iron core, ascorbate solution was added to mineralized ferritin solution (0.1 
mg/ml, containing 480 Fe/24-mer) in the presence of an iron chelating agent (ferrozine) to 
achieve 1 mM final ascorbate concentration. The mixture was incubated overnight at 37°C prior 
to size exclusion chromatography analysis. 
 
Transmission electron microscopy  
(Fe)AfFtn or (Fe)AfFtn-AA solution (0.1mg/ml in 10 mM HEPES buffer, pH 7.5) was applied 
directly onto carbon coated copper grids and allowed to adhere for 2 minutes. Excess solution 
was removed by wicking with filter paper and grids were allowed to air dry. The samples were 
stained with 1% uranyl acetate for another 2 minutes and air dried after wicking the excess 
uranyl acetate solution. Specimens were examined with 30,000x magnification in a JEOL JEM-
1400 transmission electron microscope at an accelerating voltage of 100 kV. 
 
Size exclusion chromatography  
Iron-mediated self-assembly and ascorbate-mediated disassembly were studied by size exclusion 
chromatography (SEC) using Superdex 200 10/300 GL column (GE Healthcare). Molecular sizes 
of AfFtn or AfFtn-AA were determined at different conditions by comparing their elution 
volume with that of standard proteins. Molecular weights of AfFtn/AfFtn-AA were determined 
by analyzing 500 l of each species before mineralization, after mineralization, and after 
reduction of the metal core. Composition of the mobile phase was 25 mM HEPES with 50 mM 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
Unique iron mediated self-assembly/disassembly of A. fulgidus ferritin 
 6 
sodium chloride, pH 7.5. All SEC experiments were performed using ÄKTA-Explorer FPLC 
system (GE Healthcare).  
 
Iron binding kinetics  
Iron binding kinetics of AfFtn and AfFtn-AA were studied at different Fe
2+
 concentrations (in 
100 mM HEPES buffer, pH 7.5 with 50 mM NaCl). Dilute protein solutions (0.1 mg/ml) were 
used to avoid fast autoxidation at higher Fe
2+
 concentrations. The reaction was started by 
addition of 10 µl freshly prepared FeSO4 stock solution in 1ml of 0.1 mg/ml AfFtn solution (pre-
incubated at the specified temperature within temperature-controlled spectrophotometer), and 
mixed immediately by pipetting within one second. The stock concentration was adjusted to 
achieve the desired iron concentration in the final reaction mixture. Iron binding was monitored 
in terms of Fe
2+
 oxidation, measured colorimetrically, following the increase of absorbance at 
315 nm measured every 2 seconds. Fe
3+
 was quantified using molar absorption coefficient ε315 = 
2,200 M-1cm-1 (30). 
 
Iron release kinetics  
Reductive iron release profiles of (Fe)AfFtn and (Fe)AfFtn-AA were studied using varying 
concentrations of ascorbate (reducing agent) at 70°C. The effect of temperature on the rate of 
Fe
2+
 release was also studied with 10 mM ascorbate and the activation energy (Ea) for iron 
release was calculated from the Arrhenius plot. (Fe)AfFtn and (Fe)AfFtn-AA (0.1 mg/ml 
containing 4800 Fe/24-mer) were incubated at various temperatures with 1 mM ferrozine in a 
temperature-controlled spectrophotometer. The reaction was started by addition of ascorbate and 
iron release was measured by monitoring the formation of Fe
2+
-ferrozine complex at 562 nm. 
The iron release rate was determined using a molar absorption coefficient of ε562 = 27.9 mM-1 cm-
1 for the iron ferrozine complex.  
 
RESULTS AND DISCUSSION 
Iron-mediated self-assembly and ascorbate-mediated dissociation of the protein cage  
The effect of K150A/R151A mutations on the iron-mediated self-assembly and ascorbate-
mediated disassembly of the AfFtn was studied by SEC, which separates different oligomers by 
their molecular size. Identical peak-shifts confirmed that AfFtn-AA retains the iron-mediated 
self-assembly property of AfFtn (Figure 2A). The oligomeric state of each species was estimated 
from their molecular size. In the absence of iron, both proteins exist mostly as dimer (~40 kDa). 
Upon mineralization (with 480 Fe/24-mer), the dimers self-assemble to form 24-meric (~490 
kDa) cage-like structures. The stabilization of 24-mer via mineralization is stable in nature i.e. 
the 24-meric structure remains assembled when the mineralized protein cage is exchanged into 
the same buffer without any iron. The 24-meric protein cage disassembles only after complete 
dissolution of the iron core by reduction with excess reducing agent in the presence of the iron 
chelating agent, ferrozine (Figure 2B). The chromatograms suggest nearly identical disassembly 
properties of AfFtn and AfFtn-AA. Electron microscopy of mineralized samples further confirms 
the self-assembled cage-like structure of the AfFtn and AfFtn-AA (Figure 3). We propose that 
for iron-mediated self-assembly, the mineral core itself interacts with the protein shell in such a 
way that enhances inter-subunit interactions and stabilizes the 24-meric structure. Addition of 20 
Fe
2+
 ion per (AfFtn or AfFtn-AA) subunit results in complete self-assembly, which suggests that 
initial iron binding to the ferroxidase sites enhances inter-dimer interaction that leads to self-
assembly of the protein cage. Reduction of the entire iron content required several minutes and 
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the iron release rate gradually decreased until the end of the reaction (22). These observations 
indicate that the cage structure was maintained until the last few Fe
3+
 were bound to the cage; 
otherwise dissociation of the protein cage would cause sudden release of all iron and their instant 
reduction.  
The amino acid replacements on AfFtn-AA causes a massive rearrangement of the dimers 
in quaternary structure and results in a switch from tetrahedral to octahedral symmetry as shown 
in the crystal structure (22). The self-assembly of the ferritin subunits is characterized by two-, 
three-, and four-fold symmetry axes. The interfaces between subunits are stabilized by 
hydrophobic and hydrophilic interactions, hydrogen bonding and van der Waals forces. Several 
hydrophobic contacts were identified at subunit interfaces of the AfFtn and AfFtn-AA structures. 
AfFtn and its mutant showed a NaCl-mediated self-assembly in a dose-dependent manner, which 
suggests that hydrophobic interaction is the key force of the self-assembly of AfFtn subunits (20, 
22, 25). In the presence of 150 mM NaCl, about 80% dimeric subunits of these ferritins 
reversibly self-assemble into cages, which could be potentially used for developing a drug 
delivery strategy. Replacement of large hydrophilic Lys150 and Arg151 with alanine residues 
removes steric clashes and enhances hydrophobic interactions that facilitate self-assembly of 
AfFtn-AA. However, the exact mechanism of iron-mediated and NaCl-mediated self-assembly 
of AfFtn/AfFtn-AA remains to be precisely established.   
Almost all reported ferritins have a constitutive 24-meric cage-like structure that is used for 
storage of excess physiological iron and, iron-mediated self-assembly/disassembly has not been 
reported for these protein cages. However, a new member of the ferritin super-family, and some 
closely related proteins, have been reported to be dimeric in normal buffers and showed self-
assembly characteristics very similar to AfFtn and its mutant (31, 32). An archaeoferritin 
(classified as a member of an uncharacterized branch of the ferritin-like super-family) from the 
marine archaea Pyrococcus furiosus, a very close relative of A. fulgidus, was reported to show 
iron-mediated self-assembly/disassembly property similar to the AfFtn and AfFtn-AA (31). P. 
furiosus ferritin showed monomeric structure in the absence of iron and self-assembled into 24-
mer in the presence of 30 Fe
2+
 per monomer; it was also possible to dissociate the 24-mer by 
chemical reduction of the iron core followed by chelation. A ferritin-like Dps protein (DNA-
binding protein during starvation) from the extremophilic bacterium Deinococcus radiodurans 
was reported to show DNA-binding ability even at dimeric conformation and form dodecameric 
structure at high salt concentration (32). In combination with the current knowledge of A. 
fulgidus ferritin, further understanding of structural features and association/dissociation 
properties of these members of ferritin super-family may elucidate the self-assembly/disassembly 
mechanism of AfFtn and similar ferritin-like molecules. This knowledge would be extremely 
useful in exploiting these protein cages for drug delivery and nanotechnology applications.  
  
Iron binding kinetics  
Our previous study on the iron binding kinetics of AfFtn and AfFtn-AA suggested multiphasic 
nature of the iron binding reaction (22). Here, we report the iron binding kinetics at two different 
temperatures and the initial binding rates were measured at different Fe
2+
 concentrations. Iron 
binding kinetics changed with temperature and faster iron binding was observed at higher 
temperature (Figure 4). Also, the iron binding rate increased proportionally with Fe
2+
 
concentrations. The ferroxidase activity in AfFtn and AfFtn-AA was inhibited in the presence of 
Zn
2+
 ion. The Lineweaver-Burk plots demonstrate the competitive nature of the Zn
2+
-mediated 
inhibition of the ferroxidase activity (Figure 5). Previous studies suggest that the nature of this 
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inhibition is dependent on Zn
2+
 concentration (33). At very low concentration (Zn/ferritin ratio ≤ 
2) non-competitive inhibition was observed while competitive inhibition occurred at higher 
proportions of Zn
2+
. In the present study, the observation of competitive inhibition at much 
higher Zn/ferritin ratio agrees with the published findings. Competitive inhibition of Fe
2+
 
oxidation in the presence of Zn
2+
 indicates that Zn
2+
 binds at the ferroxidase center. Metal 
binding at the ferroxidase center is a well-known phenomenon in other ferritins and Zn
2+
 binding 
is also observed in the crystal structure of AfFtn (20).  
Like iron-mediated self-assembly, the iron binding kinetics are almost identical for AfFtn 
and AfFtn-AA (Figure 4). The overall iron binding was completed by a multiphasic reaction. 
Immediate oxidation of iron at the ferroxidase centers (FCs) is observed in an initial fast reaction 
phase, followed by a slower oxidation phase at the nucleation site. The latter phase requires 
transport of Fe
2+
 ion into the cavity through some pores/channels on the protein surface. The 
initial rate of iron oxidation was not be expected to differ between the open and closed form (i.e. 
AfFtn to AfFtn-AA) because the FCs, which are located in the 4-helix bundle of each subunit, 
remain equally accessible. The current theory is that the initial iron binding occurs at the FCs 
where Fe
2+
 oxidizes to Fe
3+
 and the Fe
3+
 product is transported to the nucleation site (14, 34, 35). 
Once nucleation occurs, Fe
2+
 can enter via the 3-fold channels (or the large pores for the AfFtn) 
and spontaneously bind and mineralize at the nucleus without ferroxidase activity. 
Approximately equal Fe
2+
 oxidation rates were expected in AfFtn and AfFtn-AA at the early 
stage (FC-based oxidation). However, if entry of Fe
2+
 through the closed shell was rate limiting, 
a faster oxidation rate for the open AfFtn should be observed at the later, ferroxidase independent 
phase. The identical Fe
2+
 oxidation kinetics throughout the reaction suggests that the large pore 
of AfFtn may not play any role in the transport of Fe
2+ 
to the nucleation site. 
Fe
2+
 oxidation within ferritin is distinct from typical enzymatic reactions because the 
product is deposited within the enzyme itself instead of being released into the reaction mixture. 
Once the core is fully loaded no more oxidation is observed – such inactivation is not commonly 
observed in other enzymatic reactions. It has been established that Fe
2+
 oxidation within ferritin 
is a very fast process that may be completed in the order of milliseconds to minutes depending 
on iron concentration, physical condition, and the exact catalytic activity of the protein while 
Fe
3+
 ion transport and core formation take minutes to hours (34, 36, 37). A previous study 
showed that the rate of Fe
2+
 oxidation was relatively slow when the ferritin cage is partially 
loaded with iron (38). The authors suggest that the presence of high Fe
3+
 concentration at the 
nucleation site may inhibit ferroxidase activity. However, as the nucleation site is distinct from 
the catalytic site, the core formation may not affect the ferroxidase activity. Rather the entire 
process may be inhibited in the subsequent steps of the multiphasic reaction.  
 
Iron release kinetics  
The rate of reductive iron release from both ferritins is highly dependent on temperature and 
concentration of the reducing agent (Figure 6 and Figure 7). In all conditions, the initial iron 
release during ascorbate-mediated Fe
3+
 reduction is faster for the open-pore AfFtn than the 
closed mutant AfFtn-AA. Similar results were observed with two other reducing agents, 
dihydroxyfumaric acid and NADH (data not shown); the experiments were done following the 
published methods (36, 39, 40).  
At 70°C, the initial rate of Fe
2+
 release from AfFtn-AA is 2/3 to 1/2 of that from AfFtn at 
any ascorbate concentration (Figure 6). The initial iron release rate sharply increases as the 
ascorbate concentration increases to 2 mM and reaches a maximum above 5 mM ascorbate 
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concentration. Iron release is temperature sensitive; as the temperature increases from 20°C to 
76°C, the initial iron release rate increases more than four times for both AfFtn and AfFtn-AA 
and has not reached the maximum at the highest temperature of the experiment (Figure 7). The 
activation energies for iron release for AfFtn and AfFtn-AA calculated from the Arrhenius plot 
are 44.4 kJ mole-1 and 46.3 kJ mole-1, respectively. These values are comparable to previously 
reported values of activation energy of iron release from Azotobacter vinelandii ferritin (60 kJ 
mole-1) and horse spleen ferritin (10.2 kJ mole-1) (41, 42) as well as other thermophilic archaeal 
enzymes (43, 44). 
The slower iron release rate in the closed variant suggests that the large pores of AfFtn 
play some role in the reductive iron release mechanism. The K150A/R151A mutation results in a 
switch in symmetry from an open tetrahedral cage to a closed octahedral structure. The closed 
assembly diminishes the accessibility of ascorbate reducing equivalents to the AfFtn-AA core 
and decreases the ascorbate mediated iron release rate. We hypothesize that the transport of 
reducing agent or the reduced Fe
2+
 ion is slower in AfFtn-AA because the narrow 3- or 4-fold 
channels are used for their transport instead of the large pores of AfFtn. 
Despite in vitro studies of the reductive iron release kinetics for ferritins from several 
species the mechanism of iron release remains unclear. The ferritin iron core was reported to be 
heterogeneous and therefore the mechanism of iron mobility may vary depending on the nature 
of the environment in which the cage is formed, the initial iron loading, and the extent of 
reaction (45-47). The mechanism seems to be complex and consists of multiple steps. A typical 
in vitro iron release reaction can be described as (1) entry of reducing equivalent into the protein 
cage, (2) reduction of the Fe
3+
 to Fe
2+
, (3) exit of Fe
2+
 from the protein cage, and (4) chelation of 
the Fe
2+ 
with chelating agents (42, 48). Two reduction models have been proposed: (1) the 
reducing agent physically enters the ferritin and (2) only electrons are transferred from the 
external reductants to the protein core (48-50). The latter model is generally accepted if the 
molecular size of the reducing agent is larger than the channel diameter. One report suggests 
flexible ferritin channels which open to allow passage of larger reducing molecules (50). Another 
model proposes that the chelating agents need to enter the ferritin cage to remove the reduced 
Fe
2+
 ions and later the chelates exit the ferritin cage (51). The initial iron mobilization rate was 
reported to be dependent on the concentration of reducing agent but not on the concentration of 
the chelating agent suggesting that chelation is not involved in any rate-limiting step (39).  
In general, mineralization and demineralization of ferritin are complex processes 
associated with transport, oxidation or reduction of metal ions. Fe
3+
 core formation requires Fe
2+
 
to be transported from the outer environments to the catalytic site and from the catalytic site to 
the nucleation/mineralization site. In contrast, iron release is associated with iron transport from 
the mineralization site to the outer environment. Oxidation and reduction is also dependent on 
transport of oxidizing and reducing equivalents, electrons, and protons. The movements of 
protons, electrons, ions, and molecules in and out of ferritin cages have been widely studied but 
the transport mechanisms remain unclear. Several pores and ion channels within the cage 
structure are likely to be used for this purpose. Mutational analyses of these pores and channels 
have been performed to understand their roles in the transport mechanisms. AfFtn has a novel 
tetrahedral structure with four large triangular pores, which present a potential pathway for the 
transport of ions and small molecules. Conversion to a closed octahedral shell shows that the 
pores have no effect on iron entry kinetics. In contrast, the reductive iron release rate of the open 
AfFtn is faster than the closed AfFtn-AA, suggesting that the large pores play some roles in iron 
release. Previous reports discussed the iron entry and release pathways in various ferritin 
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molecules and alteration of channels or pores was shown to affect iron entry and release kinetics 
(36, 40, 52). Localized unfolding at the 3-fold axis has been reported upon a single point 
mutation of frog ferritin, which decreases entry rate and increases initial iron release rate by 
several fold (52). In another study, increased iron release rates were observed in several single 
point mutations near 3-fold channels but none of the mutations caused significant change in the 
rate of Fe
2+
 oxidation (36). Liu et al. showed that the presence of chaotropes at low 
concentrations significantly increased the initial iron release rate from the recombinant frog 
ferritin but observed only a minor inhibition of the Fe
2+
 ion entry even at very high chaotrope 
concentrations (40). All these observations suggest that there are specific and independent routes 
for transport of different ions and molecules essential for iron entry and release. Mutational 
change of one pore or channel may affect the transport of selective ions/molecules and alter the 
associated reaction (binding or release) without affecting the other. Studies of iron entry and 
release kinetics in a number of natural and recombinant ferritins suggest that each process is 
likely to operate using more than one pathway (14, 38, 53-55). At least three alternative reactions 
have been observed for conversion of Fe
2+
 to FeOOH core; the proportion of each reaction in the 
overall core formation procedure depends on the reaction environment, Fe/ferritin ratio and 
Fe/O2 ratio (14, 15). The overall core formation procedure was multiphasic and different types of 
progression curves were noticed for the wild-type ferritin and different mutants (14). Iron 
deposition is dependent on Fe
2+
 ion oxidation that is faster at higher temperature, higher pH, or 
in the presence of oxidizing agent (H2O2) (55). The reaction was >20 time faster in the presence 
of H2O2 than in O2 alone. The rate of ferroxidase center catalyzed oxidation was reported to be 
faster at higher Fe
2+
 concentration (38). The results of the present experiments also show a faster 
initial reaction rate at higher Fe
2+
 concentration.  
 
CONCLUSION 
Archaeoglobus fulgidus ferritin (AfFtn) and its mutant (AfFtn-AA) exhibit unique self-
assembly/disassembly property that can be exploited for their applications as a molecular carrier. 
The dimeric AfFtn or AfFtn-AA self-assembles into stable cage-like structure following addition 
of Fe
2+
 ion and subsequent Fe
3+
 core synthesis. The protein cages can then be dissociated by 
reducing the Fe
3+
 core in the presence of excess ascorbate (reducing agent). The iron-mediated 
self-assembly can potentially encapsulate small molecules or nanoparticles present within the 
medium and the encapsulated cargo can be released by reductive dissociation of the protein cage. 
The identical iron entry kinetics of the open-pore AfFtn and closed AfFtn-AA cages suggests 
that the iron transport channels of AfFtn remains unchanged by this mutation. Slower iron 
release kinetics has been observed in AfFtn-AA and the current study shows reduced iron release 
rate in the closed mutant over a range of temperature and ascorbate concentration, which support 
the involvement of the large pores in the reductive iron release process. Competitive inhibition of 
iron binding in the presence of Zn
2+
 ion evidenced the AfFtn affinity to other metals. 
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FIGURE LEGENDS 
 
Scheme 1. Schematic presentation of a proposed iron-mediated self-assembly and ascorbate-
mediated disassembly of AfFtn. (1) Fe
3+
 core formation and self-assembly by Fe
2+
 (shown as 
brown droplets) addition, (2) reduction of Fe
3+
 core by ascorbate (shown as blue droplets) and 
(3) ascorbate-mediated disassembly of AfFtn cage. 
 
Figure 1. Structures of the open-pore A. fulgidus ferritin AfFtn (A) and the closed-pore AfFtn-
AA (B) showing the locations of amino acid residues 150 (red) and 151 (blue).  
 
Figure 2. Elution volume of AfFtn (black) and AfFtn-AA (red) as determined by SEC. (A) Solid 
and dashed lines indicate holo- and apo-ferritin, respectively. (B) Solid and dashed lines indicate 
mineralized samples with the iron core and mineralized samples after reduction of iron core, 
respectively. The mineralized samples contain 480 Fe/24-mer. 
Figure 3. Electron micrographs of iron-loaded ferritin (A) (Fe480)AfFtn  and (B) (Fe480)AfFtn-
AA negative stained with uranyl acetate. 
Figure 4. Iron entry in AfFtn (black), AfFtn-AA (red) at 37 °C (solid) and 20 °C (dashed).  
Figure 5. Lineweaver-Burk plot for ferroxidase activity and inhibition by 25 µM and 100 µM 
Zn. Solid (red) lines are for AfFtn-AA with/without inhibitor and the dashed (black) line 
indicates AfFtn without inhibition. 
Figure 6. Initial iron release rate of AfFtn (black, solid) and AfFtn-AA (red, dashed) at different 
ascorbate concentrations at 70 °C and pH 7.5.  
Figure 7. Initial iron release rate of AfFtn (black, solid) and AfFtn-AA (red, dashed) at different 
temperatures. Arrhenius plot generated for iron release from (Fe)AfFtn (black, solid) and 
(Fe)AfFtn-AA (red, dashed) over the temperature range 20-50°C (inset). 
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HIGHLIGHTS  
 Iron binding triggers the self-assembly of A. fulgidus ferritin cage and its mutant 
 Iron binding kinetics of the mutant AfFtn-AA is identical to the wild-type AfFtn 
 Both ferritin cages, AfFtn and AfFtn-AA, disassemble upon reduction of Fe3+ core 
 Reductive iron release of the closed mutant is slower than that of open-pore AfFtn 
 The iron release rate can be controlled by varying ascorbate concentrations 
